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Abstract Objective: Olopatadine, an effective topical ocular human 
conjunctival mast cell stabilizer/antihistaminic antiallergic drug, was 
evaluated and compared to selected classical antihistamines for their 
interaction with model and natural membranes to ascertain potential 
functional consequences of such interactions. Methods: The model 
membranes examined consisted of the argon-buffer interface and 
monomolecular films of 1 -stearoyl-2-oleoyl-,yrt-glycero-3-phospho- 
choline (SOPC) at the argon-buffer interface. Interactions with the 
model membranes were detected as changes in surface tension, i.e., 
surface pressure. Functional consequences of these interactions were 
assessed with natural membranes by 6-carboxyfluorescein leakage, 
hemoglobin release, lactate dehydrogenase release, and histamine 
release from appropriate cell types. Results: Measurements at the 
argon-buffer interface revealed intrinsic surface activity for all agents 
that ranged from highly surface-active to weakly surface-active in the 
order of: desloratadine > clemastine > azelastine = ketotifen > diphen- 
hydramine > pyrilamine > emedastine > epinastine > olopatadine. This 
order of amphipathic behavior was confirmed for most of the com- 
pounds by estimates of their dissociation constants (Kd X ) determined 
from interactions with SOPC monolayers adjusted to a surface pres- 
sure approximating that of natural membranes. Epinastine was the only 
antihistamine that showed a disproportionately greater increase in 
surface activity toward SOPC in monolayer when compared to other 
antihistamines. Dissociation constants could not be established for 
olopatadine because of its low affinity for both the argon-buffer inter- 
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face and the SOPC monolayer. Functional consequences of these inter- 
actions were assessed with natural membranes by 6-carboxyfluorescein 
leakage (erythrocyte ghosts), hemoglobin release (erythrocytes), 
lactate dehydrogenase release (conjunctival mast cells, corneal epithe- 
lial cells), and histamine release (conjunctival mast cells). Aside from 
olopatadine and emedastine, all antihistamines promoted a concentra- 
tion-dependent leakage of hemoglobin from intact erythrocytes. The 
concentration of drug required to cause half-maximal hemoglobin 
release (H 50 ) from erythrocytes correlated linearly (r = 0.98) with the 
SOPC dissociation constants (K^) estimated for the different antihis- 
taminic agents interacting with SOPC monolayers. A similarly high cor- 
relation (r = 0.85) emerged from a plot with a slope approaching unity 
that related drug concentrations required for half-maximal hemoglo- 
bin leakage from erythrocytes to threshold doses of drug that caused 
histamine release from human conjunctival mast cells. Olopatadine was 
the only agent that did not promote membrane perturbation as moni- 
tored by either hemoglobin release from intact erythrocytes, LDH 
release from human conjunctival mast cells, or 6-carboxyfluorescein 
release from erythrocyte ghosts. Assessment of the lytic potential of 
marketed concentrations of ketotifen (0.025%), azelastine (0.05%), 
and epinastine (0.05%) revealed significant membrane perturbation of 
human conjunctival mast cells and, importantly, human corneal epithe- 
lial cells as indexed by LDH release. This was in contrast to marketed 
concentrations of olopatadine (0.1%) which maintained normal mast 
cell and corneal epithelial cell membrane function. Conclusions: Com- 
bined, these results support the notion that the disruption of natural 
cell membranes by surface-active antihistamines occurs not through a 
receptor-mediated process, but is the consequence of a direct interac- 
tion of these agents with the cell membrane. This is corroborated 
by surface pressure-concentration isotherms for adsorption of five 
different antihistaminic agents to SOPC monolayers where 50% lysis 
occurred at a surface pressure of 42.9 ±1.1 mN/m. Olopatadine appears 
to be unique among the agents tested by demonstrating low intrinsic 
surface activity, thus limiting its interaction with natural membranes. 
At concentrations of about half-maximal compound solubility (i.e., 
5.0 mM or a 0.19% drug solution), olopatadine generated SOPC 
monolayer surface pressures (i.e., 39.82 ± 0. 10 mN/m) that were below 
those that promoted membrane perturbation and onset of hemoglobin 
leakage. Olopatadine's restricted interaction with membrane phospho- 
lipids limits the degree of membrane perturbation and release of intra- 
cellular constituents, including histamine, LDH, and hemoglobin, which 
is believed to contribute to olopatadine's topical ocular comfort and 
patient acceptance. 

Key words Antihistamine; cytotoxicity; membrane effects; human 
conjunctival mast cells; olopatadine 

Introduction It has been known since the 1960s that antihistamines 
both inhibit mediator release and stimulate histamine release from mast 
cells. 1 The mediator-releasing potencies and the mast cell-stabilizing 
potencies of the antihistamines are not related to their histamine H, 
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receptor-binding affinities. 23 These effects on mast cells may be due to 
the lipophilic nature and/or the local anesthetic nature of the drug struc- 
tures on biological membranes. 4,5 Insertion of lipophilic drugs into cell 
membranes can eventually cause membrane disruption and drug- 
induced release of pro-inflammatory mediators. Local anesthetics have 
been reported to bind to most cell membranes and expand and disrupt 
these membranes, leading to histamine release. 6 Hie tendency of mole- 
cules to partition into biological membranes is called surface activity, a 
thermodynamic quantity that can be measured as the ability to lower 
the interfacial tension at the air/water or lipid/water interface. Surface 
activity can regulate drug biological activity 7 as well as the tendency of 
drugs to first stabilize and then permeabilize biological membranes. 8 

Olopatadine is an antiallergic drug that possesses human conjuncti- 
val mast cell-stabilizing activity and H, histamine receptor antago- 
nism. 9,10 Interestingly, the compound does not stimulate histamine 
liberation from human conjunctival mast cells at concentrations at least 
io-fold higher than the clinically effective concentration. 1112 Examina- 
tion of olopatadine's ability to interact with numerous biologically rel- 
evant receptors indicates that the compound does not have significant 
affinity for (J-receptors or various calcium channels. 10 Olopatadine lacks 
local anesthetic activity at concentrations as high as 2.0% (w/v). 13 Con- 
centrations ranging from 100 nM to 100 |iM have no effect on mast cell 
cAMP content, indicating a lack of effect on phosphodiesterase. 14 These 
data suggest that olopatadine has a mechanism of conjunctival mast 
cell stabilization that is distinct from that of a receptor-mediated 
process. 

Previous studies have shown that antihistamines can be surface- 
active 15,10 and can, as with mast cells, stabilize then permeabilize the 
erythrocyte membrane. 17 To better understand why olopatadine does 
not cause histamine release from human conjunctival mast cells, we 
measured the surface activities of a group of antihistamines and com- 
pared them to their abilities to permeabilize biological membranes. 
Specifically, the surface activities of olopatadine and antihistamines 
were determined at both the argon/buffer interface (intrinsic surface 
activity) and monolayer films of a membrane-relevant phospholipid 
(lipid-dependent surface activity), i.e., i-stearoyl-2-oleoyl-sn-glycero-3- 
phosphorylcholine (SOPC). Membrane permeability was characterized 
using three complementary in- vitro models. Intact bovine erythrocytes 
and ghosts derived from them are traditional models for permeability 
studies and were used to measure membrane leakage of both large 
(hemoglobin) and small (carboxyfluorescein) molecular weight com- 
ponents. A more directly relevant model, human conjunctival mast 
cells, was used to evaluate histamine release from intracellular gran- 
ules and lactate dehydrogenase (LDH) release from the cytoplasmic 
compartment. A clinically relevant ocular model, LDH release from 
primary cultures of human corneal epithelial cells, was also evaluated. 
The results of these studies show that all antihistamines are surface- 
active, but olopatadine is less so than the others tested. Moreover, the 
compound's surface activity correlates strongly with the drug-induced 
permeability of cell membranes in all cell types examined, indicating a 
physical basis for olopatadine's lack of lytic effects. 
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reagents The antihistamines evaluated were either commercial 
products from Alcon Laboratories, Inc., or were synthesized at Alcon 
Research, Ltd. (Ft. Worth, TX, USA). Water was purified by reverse 
osmosis and carbon filtration, and sequential passage through an Elix 

3 deionization system (Millipore) and a Milli Q UV Plus polishing 
system (Millipore). 6-Carboxyfluorescein (CF) was obtained from 
Molecular Probes (Eugene, OR, USA), SOPC from Avanti Polar 
Lipids, Inc. (Alabaster, AL, USA), and Triton X-ioo detergent from 
Sigma (St. Louis, MO, USA). Optisol® corneal preservation medium 
was from Bausch & Lomb (Rochester, NY, USA). FNC-coatiiig mix 
was from BRFF (Ijamsville, MD, USA). Dispase II was a product from 
Roche Applied Science (Indianapolis, IN, USA). Cytotox 96® kits were 
obtained from Promega (Madison, WI, USA). Collagen I Cellware was 
from Becton Dickinson (Franklin Lakes, NJ, USA). KGM medium was 
from Biowhittaker (Walkersville, MD, USA). All other chemicals used 
were reagent-grade or highest purity available. 

measurement of surface activity The technique, apparatus, 
and data analysis procedure for characterizing the interaction of 
solutes with SOPC monolayers were used as previously described by 
Brockmann et al. 18 Briefly, an SOPC monolayer on an aqueous buffer 
subphase (0.1M NaCl, iomM HEPES, pH 7.5) held at 24 °C and at 
constant area was exposed to increasing concentrations of the test 
solute. This was accomplished by continuous exchange of the aqueous 
phase for a concentrated solution of the solute in buffer. The concen- 
tration of solute in the aqueous phase was determined from the frac- 
tion of subphase volume exchanged and the concentration of the solute 
in the concentrated solution. From the resulting isotherms of surface 
pressure (n = change in surface tension) vs. bulk drug concentration, 
the dissociation constant and maximal surface pressure change para- 
meters were calculated by fitting the data to the Langmuir adsorption 
isotherm. 19 Applying the same experimental protocol without a lipid 
monolayer also yielded a surface pressure-concentration isotherm for 
each compound. These data were analyzed using the Szyszkowski equa- 
tion, a combined integral form of the Gibbs and Langmuir adsorption 
isotherms. 20 

MEASUREMENT OF ERYTHROCYTE PLASMA MEMBRANE LEAKAGE 

Bovine blood was collected immediately after slaughter. Immediately 
following collection, EDTA was added to the blood to achieve a final 
concentration of 2.7 mM. The blood was cooled to 4 °C and erythro- 
cytes were prepared as described elsewhere. 21 A 10-ml aliquot of blood 
was centrifuged at 3000 x g for iomin at 4 °C, the buffy coat removed 
by aspiration, and the supernatant discarded. The erythrocyte pellet 
was suspended in 10 ml 150 mM NaCl and centrifuged as before and 
the supernatant discarded. This procedure was twice repeated with a 
suspension medium containing 2.7 mM KC1, 1.5 mM KH 2 P0 4 , 139 mM 
NaCl, and i6mM Na 2 HP0 4 , adjusted to pH 7.4 (PBS). Approximately 

4 ml washed erythrocytes were resuspended in PBS to a total volume 
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of io ml and stored at 4 °C For determination of lipid phosphorous, 
1.0 ml erythrocyte suspension was solvent-extracted as described by 
Kates 22 and the phosphorous content of the extract determined. 23 
The concentration of phospholipid in the cell suspensions used was 
1. 5-3.0 mM. 

Erythrocyte lysis (hemolysis, i.e., hemoglobin release) was measured 
spectrophotometrically. 21 Solutions of each test compound near its 
solubility limit were prepared in PBS and the pH was re-adjusted to 
74 with a concentrated solution of NaOH. The suspension was 
centrifuged to pellet the excess compound and the supernatant was 
decanted. The concentration of compound in dilutions of the super- 
natant was determined spectrophotometrically at 299 nm using cali- 
bration standard solutions of the compound prepared with lower 
concentrations. Ten (10) ^1 erythrocyte suspension (9nmol lipid phos- 
phorous) were added to 1.5 ml test solution at 37 °C. Following 30 mm 
of incubation at 37 °C, each sample was centrifuged at 4000 x g for 
15 mm at 15 °C, the cell-free supernatant decanted, and its optical 
density at 577 nm determined. Control experiments were performed 
with PBS, buffer at pH 74 to measure erythrocyte stability and with 
THton J^-ioo at 0.1 vol% in PBS at pH 74 to obtain complete Hemol- 
ysis. The percentage hemolysis was calculated as 100 times the optical 
density of the sample supernatant at 57711m divided by that for the 
control treated with THton X-100. 

Erythrocyte ghosts loaded with CF (CF-ghosts) were prepared by 
rupturing and resealing erythrocytes in the presence of the dye. 21 Eight 
(8) ml 1.2 mM acetic acid, 4mM MgS0 4 , pH 3.2, was added to 0.8 ml 
erythrocyte suspension at 4 °C. After a 5-min incubation at 4 °C, the 
pH was adjusted to 74 using 1 M Tris base. The sample was centrifuged 
at 16,000 x g for iomin at o °C and the pellet resuspended in 400 |xl 
80 mM CF, 20 mM HEPES, 170 mM NaCl, pH 7.4, at 37 °C. The ghosts 
were resealed by incubation for 1 hout at 37 °C, after which free CF 
was removed at 24 °C by passage of the sample through a column of 
Sephadex G-75 equilibrated with iomM HEPES, i4omM NaCl buffer 
adjusted to pH 7.4. The brownish CF-ghosts eluting well ahead of the 
6-carboxyfluorescein were pooled and used to measure the effects of 
test compounds on 6-carboxyfluorescein leakage. The quantity of mem- 
branes used in each experiment was not assessed, but was comparable 
to that used in hemolysis experiments. 

For measurement of drug-induced 6-carboxyfluorescein leakage 
from CF-ghosts, 2 ml of a solution of the test compound in 10 mM 
HEPES, 140 mM NaClJpH 74, were added to a i-cm cuvette and equi- 
librated with stirring for 3 mm at 37 °C. Fluorescence was recorded 
continuously at 51011m using an excitation wavelength of 485 nm. Fol- 
lowing the addition of 50^1 CF-ghosts and the recording of fluores- 
cence emission intensity for an additional 30mm, 20 ^1 of a 10% Triton 
X-100 solution (vol/vol) were added and the emission intensity was 
recorded for ~5min. Zero CF leakage was defined as the fluorescence 
intensity obtained immediately after the addition of CF-ghosts to the 
cuvette in the absence of drug. Complete CF leakage was defined for 
each sample as the value obtained after the addition of THton X-100, 
less the fluorescence intensity representing zero leakage. CF leakage 
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for each experimental sample and control was calculated as the fluo- 
rescence intensity at 30 mm after CF-ghost addition, less the zero CF 
leakage value intensity. Percent CF leakage was defined as the net 
sample fluorescence as described above divided by the net fluorescence 
intensity for complete CF leakage, multiplied by 100. 

HISTAMINE RELEASE FROM MONODISPERSED HUMAN CONJUNC- 
TIVAL mast cells Methods detailing the preparation of monodis- 
persed human conjunctival mast cells (HCTMC) and the assessment 
of HCTMC mediator release were performed as described by Yanni et 
al. 9 Briefly, human conjunctival tissue mast cells were isolated from 
post-mortem donor tissue obtained within eight hours of death by 
various eye banks and transported in Optisol® corneal preservation 
medium. Tissues were enzymatically digested by repeated exposure 
(30 mm at 37 °C) to collagenase and hyaluronidase (2 times with 
200 U each/g tissue, followed by 2-4 times with 2000 U each/g tissue) in 
lyrode's buffer containing 0.1% gelatin (TGCM). Each digestion 
mixture was filtered over Nrrex® cloth (100 Jim mesh) and washed with 
an equal volume of buffer. Filtrates were centrifuged at £25 x g (7 mm). 
Pellets were resuspended in buffer, then combined for Enrichment over 
a 1.058 g/1 Percoll® cushion. The mast cell-enriched pellet was washed 
and resuspended in supplemented RPMI 1640 medium for equilibra- 
tion at 37 °C. 

Cells were harvested from the culture plate and counted for viabil- 
ity (trypan blue exclusion) and mast cell number (toluidine blue O). 
Mast cells (5000 cells/i.oml total volume) were challenged at 37 °C for 
15 mm with goat-anti-human IgE (io^g/ml) following treatment with 
test compound or TGCM buffer. Total, spontaneous, and non-specific 
histamine release were assessed upon exposure of mast cells to 0.1% 
Triton X-100, buffer only, and goat IgG (iojig/ml), respectively. The 
reaction was terminated by centrifugation (500 x g, 4 °C, 10 min). Super- 
natants were stored at -20 °C until analyzed for histamine content by 
RIA. Test drugs were freshly prepared in TGCM buffer and diluted 
over a concentration range of 100 nM to iomM. Appropriate aliquots 
of these stock solutions were added to the culture dishes to provide the 
desired final concentrations. 

LDH RELEASE FROM MONODISPERSED HUMAN CONJUNCTIVAL 

mast cells Monodispersed human conjunctival mast cells were 
prepared as described above. Cells were counted and placed in assay 
tubes at a concentration of 50,000 cells per tube. Test compounds 
were added to the assay tubes at marketed concentrations in TGCM 
buffer. The total assay volume was 1.0 ml. Following a 30-min incuba- 
tion at 37 °C, the cells were sedimented by centrifugation at 4 °C (500 
x g for 10 min) and the supernatants were collected for the assay of his- 
tamine and LDH content. LDH was assayed spectrophotometrically at 
49011m per package insert from a 50-11I supernatant aliquot with a 
Cytotox 96® kit. Histamine was quantified by RIA as mentioned 
above. Separate control assays, conducted to evaluate drug effects in 
the LDH and histamine determination, revealed no test compound 
interference. 
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LDH RELEASE FROM CULTURED PRIMARY HUMAN CORNEAL 

epithelial cells Human corneas were obtained from the Lions 
Medical Eye Bank (Norfolk, VA, USA). Corneas were harvested 
within 12 hours post mortem and placed into Optisol® for shipment. 
Upon arrival, corneal tissue was placed with the epithelial side down 
into a culture dish containing 5.0ml KGM medium that was supple- 
mented with 6 units/ml of dispase II. After two hours of incubation at 
37 °C, the epithelial layer was scraped with a scalpel blade and the 
adherent cell scraping was transferred along with dispase solution into 
a centrifuge tube. Cells were sedimented by centrifugation (5 mm at 
130 x ^) The cell pellet was resuspended in 5.0ml KGM medium and 
appropriate aliquots were transferred into 25 cm 2 flasks coated with 
FNC. The flasks were placed in a 37 °C incubator and media were 
replaced after 24 hours and then every 3-4 days thereafter. For passage, 
cells were washed twice with 10.0 ml PBS buffer and then treated with 
dispase II (24 units/ml) for 3 mm at 37 °C. The dispase was removed 
and the cells were incubated for an additional 5-7 min until rounded. 
Cells (2 x io 4 ) were then plated in 48-well Collagen I Cellware and 
grown in KGM medium until confluent. 

The KGM medium was removed and the cells were washed twice 
with 1.0 ml Tyrode's buffer containing 0.1% gelatin. Test compounds 
were dissolved at marketed concentrations in the gelatin-containing 
Tyrode's buffer. An aliquot (0.5 ml) of the drug-containing buffer was 
added to the culture dish and cells were incubated for 30 min at 37 °C. 
Supernatants were then harvested and 50-nl aliquots were assayed for 
LDH activity. LDH assays were conducted as described above. 

Results 

interaction with the argon-buffer interface Differences 
in intrinsic surface activities of olopatadine and antihistamine agents 
were first assessed by measuring their propensities to increase the 
surface pressure of an argon-buffer interface. 18 The protocol involved 
exchanging drug solution for buffer subphase while maintaining 
surface area and subphase volume constant. This was achieved by infus- 
ing a drug-containing buffer solution into the rapidly stirred subphase 
while simultaneously withdrawing subphase at the same rate. With 
available equipment, the maximum concentration of drug achieved in 
the subphase was limited to -1/2 that of the infused stock solution. For 
representative drugs, values of the surface pressure, n, as a function of 
test compound concentration are shown in Figure iA. Continuous 
exchange of buffer subphase with drug-containing buffer solution 
resulted in a concentration-dependent increase in surface pressure. For 
all compounds tested, the increase in surface pressure as a function of 
concentration exhibited an order of clemastine = desloratadine > aze- 
lastine = ketotifen > pyrilamine « diphenhydramine > olopatadine > 
emedastine = epinastine. 

To more quantitatively capture intrinsic differences in surface activity 
among the different agents, surface pressure/drug concentration data 
were analyzed utilizing the Szyszkowski equation. 20 This equation 
represents the integrated form of the Gibbs equation and the Langmuir 
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Fig. x. Effect of test compounds on 
the surface pressure of (A) the 
argon-water interface and (B) SOPC 
monolayers adjusted initially at 30 ± 
2 mN/m as illustrated for ketotifen, 
olopatadine, azelastine, and 
clemastine, Subphase buffer 
(24.4 mL) was exchanged with test 
compounds in buffer at a fractional 
rate of 0.0164/min. 
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adsorption isotherm and allows for an estimation of the dissociation con- 
stant (K dt s) for drug interaction with the lipid-free interface. 

Each isotherm was computer-fitted to the Szyszkowski equation 
using a non-linear least squares procedure. Representative data sets 
obtained, and their respective fits (solid lines), are shown in Figure 2. 
Data which showed sigmoidal behavior at low concentrations were 
excluded from the calculation. Similar sigmoidal behavior has been 
reported by Fischer et al. 24 for a variety of drugs adsorbing to the 
air-water interface. This behavior was attributed to adsorption of test 
compound on the walls of the Teflon trough. However, it is also a con- 
sequence of the monolayer becoming a single, liquid phase at the end 
of the gas-liquid phase transition. This typically occurs at approxi- 
mately -1/2 the maximum achievable surface concentration of drug. 

Estimated values of the dissociation constants (K^s) for each com- 
pound are given in Table 1. Reliable estimates were obtained for 
most of the compounds tested. Exceptions were olopatadine and pheni- 
ramine, for which computed K^s values were well above either the 
highest achievable drug concentration or highest concentration tested 
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Test compound 


SOPC monolayer 
K dL -Langmuir (mM) 
Mean ± range (n=2) 


Argon-buffer interface 
K dS -Szyszkowski (mM) 
Mean ± range (n = 2) 


Diphenhydramine 


1.9 ± 0.5 


2.4 ± 0.2 


Pheniramine 


13.1 ± 1.1 


>25 b 


Ketotifen 


0:5 ±0.1 


0.94 ± 0.01 


Emedastine 


>25 b 


12.2 ± O.5 


Olopatadine 


>5 a 


>5 a 


Azelastine 


0.2 ± 0.01 


0.63 ± 0.08 


Pyrilamine 


4.4 ± 0.2 


6.25 


Clemastine 


0.05 ± 0.01 


0.15 ±0.01 


Epinastine 


1.05 ±0.05 


17.7 


Desloratadine 


0.04 ± 0.01 


0.06 ± 0.0 1 



Tarameter could not rehably be estimated due to instrumental limitations. 
b Highest drug concentration tested = 25 mM. 



Fig. 2. Surface activities of test 
compounds at the argon-water 
interface as illustrated for (A) 
olopatadine, (B) azelastine, (C) 
ketotifen, and (D) clemastine. Hie 
plots shown represent data from 
Figure iA that was fitted to the 
Szyszkowski model over the range 
indicated by the solid line. Data sets 
obtained for olopatadine were 
unsuitable for fitting (see text). 



table i. Parameters for adsorption 
of olopatadine and selected classical 
antihistamines to the argon-buffer 
interface and SOPC membranes. 
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(i.e., 5mM and 25 mM, respectively). Fits for pyrilamine were border- 
line-acceptable in that the Kd,s values obtained were near the highest 
experimental drug concentration achieved. For reliable curve fits, Ka^s 
estimates of affinity for the argon-buffer interface showed a wide range, 
varying from 0.06 to 17.7 mM. Based on these estimates, the subset of 
these antihistaminic agents for which surface activity could be quanti- 
tatively analyzed can now be ranked according to their IQs. The order 
of apparent surface activity at a subphase pH of 7.5 is desloratadine > 
clemastine > azelastine = ketotifen > diphenhydramine > pyrilamine > 
emedastine > epinastine. 

interaction with sopc model membranes With a consider- 
able range in intrinsic surface activity among the compounds examined, 
it was of interest to further explore potential differences in interaction 
with an interface consisting of an SOPC monolayer at a physiologically 
relevant packing density. Surface activity toward SOPC monolayers 
may be driven by specific interactions, i.e., non-ideal mixing, as well as 
simply amphipathicity. 

Changes in surface activity as a function of drug concentration were 
determined by the same protocol described above, but with the inter- 
face occupied by a monolayer of SOPC at an initial surface pressure 
of 28-32 mN/m. This surface pressure range is believed to occur at a 
lipid-packing density closely resembling that encountered in cellular 
membranes. 25,26 As shown with selected data sets in Figure iB, all com- 
pounds caused a continuous increase in the surface pressure compared 
to the negligible change observed in sham experiments with buffer 
exchange alone (not shown). This demonstrates that all are sufficiently 
surface-active to bind to the SOPC monolayer at a physiologically rel- 
evant surface pressure. At higher concentrations, some of the antihist- 
amines showed a tendency toward saturation behavior, e.g., ketotifen, 
whereas others, e.g., olopatadine, showed an essentially linear response 
over the experimentally accessible range of concentrations. 

For analyzing the surface pressure-concentration data collected with 
SOPC monolayers (Fig. iB), it is assumed that the surface concentra- 
tion of the solute in the SOPC monolayer is proportional to the 
increase in surface pressure recorded during solute addition. 27 An addi- 
tional requirement is that the monolayer remains in the same physical 
state, i.e., the liquid-expanded state. Because at 24 °C SOPC undergoes 
no transitions from the liquid-expanded to more condensed states 
before the monolayer collapses at 45-47 mN/m, 28 this criterion is ful- 
filled. Under these conditions, the Langmuir adsorption model can be 
applied to the surface pressure-solute concentration data. 29 ' 30 Figure 3 
shows examples of surface pressure-concentration data (Fig. iB) 
plotted according to the Langmuir model. A deviation from linearity 
was observed with nearly all agents tested. This deviation appears to 
be due to the data transformation from volume of aqueous phase 
exchanged to concentration and occurred only in the region that 
involved small changes in surface pressure at low drug concentrations. 
Each data set was fitted by linear regression as shown by the solid line 
(Fig. 3). Data that deviated from linearity at low concentrations were 
not included in the regression analysis. From each line, the dissociation 
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constant estimated according to the Langmuir adsorption model, K^, 
for interaction of the drug with the SOPC monolayer was calculated. 
Estimates of values for the various antihistamines are given in 
Table i. Values for interaction with the SOPC model membrane ranged 
from 0.04 to 13. 1 mM, with desloratadine having the highest and pheni- 
ramine the lowest affinity for SOPC interaction. Similar estimates 
could not be made for emedastine and olopatadine because of the same 
experimental/solubility restrictions noted above for the application of 
the Szyszkowski equation. Interestingly, epinastine, which exhibited a 
low affinity for the argon-buffer interface (K^ = 17.7 mM; Table 1), 
demonstrated a 17-fold affinity increase for interaction with the SOPC 
monolayer (Kd (L = 1.05 mM) compared to the 1- to 3-fold changes cal- 
culated for the other compounds. 

Overall, analysis of lipid-specific surface activity shows, like intrinsic 
surface activity, that all of the tested antihistamine agents were surface- 
active toward monolayers of SOPC initially at 30 ± 2mN/m. Conse- 
quently, they were expected to interact with biological membranes to 



Fig. 3. Test of the Langmuir model 
for the adsorption of test compounds 
to SOPC monolayers as illustrated 
for (A) olopatadine, (B) azelastine, 
(C) ketotifen, and (D) clemastine. 
The plots shown represent data from 
Figure iB that was plotted according 
to a linear transformation of the 
Langmuir adsorption model. 
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Fig. 4. Concentration-dependent 
effects of olopatadine and 
antihistamines on bovine erythrocyte 
hemolysis in vitro. 
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an extent that was influenced by a number of factors including intrin- 
sic surface activity (K^), membrane affinity (K^), and solubility. 

INTERACTION WITH BIOLOGICAL MEMBRANES To compare the 

ability of olopatadine and antihistamines to interact with natural mem- 
branes, their effects on the permeability of erythrocyte membranes 
were measured using two techniques* The first measured the ability of 
the test compounds to cause leakage of hemoglobin (MW = 64,500) 
from intact bovine erythrocytes, whereas the second measured the 
leakage of the small molecular weight tracer, 6-carboxyfluorescein 
(CF)(MW = 376), from CF-preloaded erythrocyte ghosts. In both cases, 
intact erythrocytes or erythrocyte ghosts were incubated with a solu- 
tion of test compound at 37 °C for 30 mm after which the percentage 
of solute leakage was quantified (see Methods). With the exception 
of emedastine, all compounds tested were evaluated over a range of 
concentrations that approached/included the solubility limit, unless 
hemolysis or CF-leakage was complete at lower concentrations. 
Figure 4 summarizes the effects of the test compounds on erythrocyte 
hemolysis. 

When the cells were incubated in buffer alone, hemolysis was ~i% 
(not shown). However, when erythrocytes were exposed to increasing 
concentrations of the different test agents, olopatadine and emedastine 
were the only compounds that did not induce hemolysis. For agents that 
caused complete hemolysis, estimates were made to define the con- 
centration that caused 50% erythrocyte hemoglobin release (H 50 ).The 
values obtained are given in Table 2 and varied from 0.38 to 40.7 mM, 
a 107-fold range. It was noted during the experiments that at concen- 
trations of test compounds just below the onset of hemolysis, the cells 
became 'fragile' in that the centrifugation process caused them to 
rupture in the bottom of the tube. On the basis of H 50 values, clemes- 
tine emerged as the most lytic agent. Clemastine was followed in lytic 
activity in the order of desloratadine = azelastine > ketotifen > diphen- 
hydramine = pyrilamine = epinastine > pheniramine. 

Similar concentration-dependent leakage was observed for those 
compounds tested by monitoring CF release from CF-preloaded ery- 
throcyte ghosts (Fig. 5). While there was only a small amount of CF 
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Test compound 


H 50 * (mM) 


F so * (mM) 


Diphenhydramine 


6.6 


1-3 


Pheniramine 


40.7 


30.0 


Ketotifen 


27 


1.4 


Emedastine 


— 


14-5 


Olopatadine 


— 


— 


Azelastine 


0.79 


0.12 


Pyrilamine 


7.9 


3-3 


Clemastine 


0.38 


0.06 


Epinastine 


10.0 


_a 


Desloratadine 


0.63 





♦Interpolated/extrapolated concentration of test compound corresponding to 50% 
hemolysis (H 50 ) or carboxyfluorescein leakage (F^) from Figures 4 and 5. 
a Not determined. 



table 2. Concentrations of 
antihistamine promoting half- 
maximal hemoglobin (H 50 ) and 
carboxy-fluorescein (F^) release 
from intact bovine erythrocytes and 
erythrocyte ghosts. 




Fig. 5. Concentration-dependent 
effects of olopatadine and 
antihistamines on the leakage of 6- 
carboxyfluorescein from bovine 



Drug Concentration, mM erythrocyte ghosts. 



leakage (2.3%) in buffer-treated erythrocyte ghosts (not shown), com- 
plete release of CF was apparent when erythrocyte ghosts where 
exposed to the highest test doses of clemastine, azelastine, pheniramine, 
pyrilamine, ketotifen, diphenhydramine, and emedastine. From the 
data in Figure 5, concentrations that induced 50% release of CF (F 50 ) 
were estimated by interpolation or extrapolation. The estimated con- 
centrations for half-maximal CF release (F 50 ) are listed in Table 2. F 50 
estimates indicate a 500-fold range (0.06-30 mM) in potencies for CF 
release among the different antihistaminic agents tested. The order of 
potency is similar to that observed for hemoglobin release from intact 
erythrocytes (i.e., clemastine ~ azelastine > ketotifen « diphenhy- 
dramine > pyrilamine > emedastine > pheniramine). Notably, olopata- 
dine was the only agent tested that did not promote CF release from 
CF-loaded erythrocyte ghosts. 

histamine/ldh release from monodispersed conjuncti- 
val mast cells The finding that olopatadine is the only topical 
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ocular antiallergic, antihistaminic agent that does not promote ery- 
throcyte membrane perturbation and release of intracellular markers 
(Figs. 4, 5) warranted a broader re-examination of the effects of anti- 
histamines on histamine release from human conjunctival mast cells. 
Previous studies evaluating the dose-dependent effect of ketotifen on 
histamine release from IgE-stimulated conjunctival mast cells revealed 
a biphasic response. 9 The drug response consisted of an initial concen- 
tration-dependent suppression that was followed by a sudden reversal 
of the inhibitory effect resulting in a potentiation of histamine release. 
This response was in contrast to that observed with olopatadine, 
which promoted a concentration-dependent suppression of histamine 
release only, causing plateau inhibitions (>95%) at concentrations 
above imM. 7 

To eliminate a stimulus-associated membrane response as a possible 
mechanism of the drug-induced potentiation of mast cell histamine 
release, the concentration-dependent effect of ketotifen and selected 
other, membrane perturbing ophthalmic antihistamines on the release 
of histamine from unstimulated (control) and anti-IgE stimulated 
human conjunctival mast cells was evaluated. As shown in Figure 6, 
increasing concentrations of ketotifen, azelastine, -clemastine, and 
epinastine caused an initial, nearly complete suppression of histamine 
release from immunologically challenged mast cells. However, when 
drug concentrations were increased beyond these threshold doses, 
there was a reversal in the suppression that was followed by an 
enhancement of histamine release. In non-immunologically challenged 
(control) cells, antihistamines exhibited little effect on histamine 
release until achievement of threshold concentrations that coincided 
with the reversal of the inhibitory effects of algE-stimulated cells and 
the onset of drug-induced release of histamine (Fig. 6A,B). The con- 
centration threshold required to induce the second-phase antihista- 
mine response was identical for every agent tested in both control and 
immunologically stimulated cells. 

A separate assessment was conducted that evaluated lactate dehy- 
drogenase (LDH; 140,000 daltons) release from monodispersed, 
unstimulated conjunctival mast cells following a 30-min exposure to 
marketed concentrations of either azelastine (0.05% or 1.2 mM), 
epinastine (0.05% or i.8mM), ketotifen (0.025% or o.6mM), or 
olopatadine (0.10% or 2.7 mM). As shown in Figure 7A, azelastine pro- 
moted a nearly 9-fold increase in LDH release relative to that observed 
spontaneously in untreated cells. Ketotifen and epinastine were less 
lytic, releasing only 1/3 the quantity of LDH released by azelastine. 
Notably, olopatadine was devoid of lytic activity as demonstrated by 
release of LDH levels that were identical to those of untreated control 
cells. 

Combined, these results indicate that, with the exception of olopata- 
dine, all ophthalmic antihistamines at low, millimolar concentrations 
perturb cell membranes, leading to cell lysis and release of both small 
and large molecular weight intracellular constituents. Moreover, the 
data show that drug-induced histamine release from human conjuncti- 
val mast cells appears to be caused by a simple drug/membrane inter- 
action rather than events associated with cell stimulation. 
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Fig. 6. Effects of (A) ketotifen and 
azelastine and (B) epinastine and 
clemastine on histamine release from 
control (unstimulated) and 
immunologically (ocIgE) stimulated 
preparations of monodispersed 
human conjunctival mast cells. 
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LDH RELEASE FROM PRIMARY CULTURES OF HUMAN CORNEAL 

epithelial cells The finding that short-term exposure (3omin) 
of monodispersed human conjunctival mast cells to marketed concen- 
trations of azelastine, epinastine, and ketotifen resulted in both hista- 
mine and LDH release raised the possibility of cytotoxic effects to 
ocular surface epithelial cells. To assess this possibility, human corneal 
epithelial cells were isolated from cadaver tissue and grown to conflu- 
ence in primary cultures (see Methods). Exposure of these cells to 
marketed concentrations of azelastine, epinastine, ketotifen, and 
olopatadine for a period of 30 mm demonstrated findings (Rg. 7B) 
virtually identical to those observed with monodispersed human 
conjunctival mast cells (Fig. 7A). Azelastine caused a maximal LDH 
release similar to that achieved with a 30-min treatment with the deter- 
gent, Triton-Xioo, used to determine total cellular LDH content. Keto- 
tifen and epinastine exhibited reduced cytotoxic effects, releasing 70% 
and 38% of the total intracellular LDH content, respectively. Olopata- 
dine, on the other hand, exhibited no cytotoxicity, with extracellular 
LDH levels not exceeding those of vehicle-treated control cells (i.e., 
spontaneous release; Fig. 7B). 

Discussion In this report, we describe the intrinsic surface activity 
and interaction with model and natural membranes of olopatadine, a 
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Fig, 7. Lactate dehydrogenase 
(LDH) release from preparations of 
(A) monodispersed human 
conjunctival mast cells and (B) 
primary cultures of human corneal 
epithelial cells following a 30-min 
exposure to marketed concentrations 
of epinastine (0.05% or i.8mM), 
olopatadine (0.1% or 2.7 mM), 
azelastine (0.05% or i.2mM), and 
ketotifen (0.025% or 0.6 mM). 




total spontaneous epinastine olopatadine azelastine ketotifen 

Treatment 



unique topical ocular antiallergy agent with antihistamine action and 
mast cell-stabilizing properties. These physical characteristics are com- 
pared to those of selected classical antihistamines and other topical 
ocular antiallergic drugs. 

To assess specificity to interact with model membranes, two proce- 
dures were employed. The first method measured the affinity of the 
antihistaminic agents to interact with a lipid-free argon-buffer inter- 
face, thus permitting characterization of their intrinsic surface activity. 
The second procedure measured their interaction with an SOPC 
monolayer, thereby allowing the determination of their affinity for an 
uncharged phospholipid membrane interface. Both methods have been 
used previously with antihistamines, 15,16 and it was confirmed in the 
present study that these agents are surface-active (Fig. iA). 

In general, the continuous buffer exchange protocol used with both 
methods allowed for the determination of surface activity of the com- 
pounds with minimal perturbation of the monolayer compared to the 
stepwise solvent-based injection procedure used previously by others. 24 
The principal advantage of this method is that it can be used to attain 
drug concentrations under lipid monolayers that approach the solubil- 
ity limits of the compounds being tested. The limitations of the 
exchange procedure as currently implemented are that the concentra- 
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tion of the test compound in the aqueous phase cannot be increased 
beyond half the concentration of the stock solution of the test com- 
pound. While this procedure has the advantage of monolayer surface 
activity measurement with minimal perturbation, it requires greater 
quantities of test material than would be needed with stepwise 
injections. 

Two of the compounds in this study, diphenhydramine and pheni- 
ramine, have been characterized before with respect to their surface 
activities, in both the presence and absence of a phosphatidylcholine 
monolayer. 15,16 Hie monolayers used in the earlier experiments were 
composed of i,2-dipalmitoyl-glycero-$rt-3-phosphocholine rather than 
SOPC; the subphase was water without pH control rather than buffer; 
and the constant area at which the data were reported was 100 A 2 /mol- 
ecule rather than the 76.5 (n = 3omN/m) value in the present study. 
The differences in the data are consistent with the differences in exper- 
imental conditions, particularly the molecular area of the phospholipid. 
Specifically, the changes in surface pressure induced by a 5111M con- 
centration of diphenhydramine or pheniramine were comparable but 
smaller, 12.7 and 2.6mN/m, than the values reported earlier, 16.5 and 
2.8mN/m. 15 Data obtained earlier in the absence of a lipid monolayer 16 
are reported as the concentration of compound required to give a 
surface pressure of iomN/m. Those values are 3.0 and 35 mM for 
diphenhydramine and pheniramine, respectively, a difference of about 
11-fold. In the present study, the values 3.4 and 19.5 differ by 6-fold, 
but the trend is the same. 

All of the compounds studied exhibited surface activity using both 
protocols and dissociation constants could be determined for most 
(Table 1). Where comparison of dissociation constants was possible, the 
Kd ?L values determined with the SOPC monolayer using the Langmuir 
adsorption equation were lower than those determined by the 
Szyszkowski equation. The lower values obtained with SOPC imply 
that there is a contribution to the energy of interactipn with SOPC 
which exceeds the work necessary to penetrate the monolayer. For 
most of the compounds, the ratio K^s/K^l ranged from 1.3 to 3.2. The 
exception was epinastine, for which the ratio was 16.8. Excluding 
epinastine, the relationship between the constants K^s and Kd (L (Table 
1) revealed a linear correlation (R 2 = 0.99; slope = 0.71) with an inter- 
cept near zero (not shown). This linear correlation indicates the rela- 
tive equivalence of the two methods in the present case. It also suggests 
that aside from epinastine, there are no antihistamine-specific interac- 
tions with SOPC that drive the antihistamine binding to the interface. 
The apparent lack of specificity may be a consequence of the positive 
charge of all of the test compounds at pH 74 and the lack of charge of 
the model membranes. Such a situation would also be encountered in 
natural membranes that have an outer leaflet composed of phospho- 
lipids, mostly phosphatidylcholine and sphingomyelin. 31 If the model 
membrane had contained diacylphosphatidylserine or other charged 
amphiphiles 24 or if the test compounds had differed in charge, 29 such 
consistency would be unlikely. 

Notably, olopatadine and emedastine, although surface-active, were 
insufficiently so to permit an assessment of their dissociation constants 
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for interactions with SOPC using the Langmuir model. This restriction 
was due to a limit in compound solubility (olopatadine) and insufficient 
intrinsic surface activity (emedastine). 

Three complementary in-vitro models were used to probe for func- 
tional consequences of interactions of the surface-active agents with 
biological membranes. These models, in contrast to the surface activity 
and membrane affinity measurements, were not limited to test con- 
centrations of half that of the solubility limit of the test drug, thus per- 
mitting the evaluation of olopatadine test concentrations that were 
near the solubility limit. The initial model utilized both intact bovine 
erythrocytes and erythrocyte ghosts to measure membrane leakage of 
both large and small molecular weight components. Another model uti- 
lized human conjunctival mast cells and evaluated histamine release 
from intracellular granules and lactate dehydrogenase (LDH) from the 
cytoplasmic compartment. The third model measured LDH release 
from primary cultures of human corneal epithelial cells. The testing in 
the latter model was restricted to marketed drugs and their corre- 
sponding concentrations only because of its relevance to topical ocular 
drug exposure in the clinical setting. T. 

Using concentrations of test compounds up to their solubility limits, 
olopatadine and emedastine were the only agents that did not promote 
membrane lysis of intact erythrocytes as indexed by hemoglobin 
release. While emedastine was able to restrict membrane perturbation 
and the release of hemoglobin from intact erythrocytes, it promoted 
sufficient perturbation of the more fragile membranes of erythrocyte 
ghosts, leading to the release of the small molecular weight marker, 6- 
CF, that was contained within the ghosts. Olopatadine was the only 
agent that did not affect the permeability of membranes, even those of 
the more fragile erythrocyte ghosts. This lack of perturbation was 
observed up to the solubility limit of the drug (~iomM). 

The drug concentrations at which leakage was 50%, H 50 and F 50 , are 
compared in Table 2. The data indicate that F 50 values were lower than 
H 50 in all cases. These results were reasonable because CF is a much 
smaller molecule than hemoglobin. Notably, there is a high degree of 
correlation (r = 0.96) between the affinity of compound binding (K^) 
to an SOPC monolayer and drug concentration causing half -maximal 
release of hemoglobin (H 50 ) or carboxyfluorescein (F 50 ) from intact 
bovine erythrocytes or erythrocyte ghosts, respectively (Fig. 8A). More- 
over, the slope of near unity (slope = 0.76) further supports the 
conclusion that erythrocyte membrane perturbation and intracellular 
marker release are both consequences of partitioning of the amphi- 
pathic drugs into erythrocyte membranes. The linearity also argues 
against a receptor-based mechanism unless binding of the compounds 
to the receptor is also dominated by non-specific hydrophobic interac- 
tions. The direct correlation between the compound binding affinities 
to SOPC monolayers and the drug concentrations causing half- 
maximal lytic release of hemoglobin from erythrocytes is further 
corroborated by a direct relationship between the threshold drug con- 
centrations required to cause the release of histamine from human 
conjunctival mast cells (Fig. 8B). Consequently, there is a strong corre- 
lation between drug-induced histamine release from human conjuncti- 
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□ pheniramine 



Fig. 8. (A) Relationship of test 
compound concentrations that 
promoted half-maximal hemoglobin 
release (H 50 ) and 6- 
carboxyfluorescein leakage (F 50 ) with 
the dissociation constants for SOPC- 
drug interaction. (B) Relationship of 
test compound threshold 
concentrations for drug-induced 
histamine release from human 
conjunctival mast cells with the 
dissociation constants for SOPC- 
drug interaction. (C) Relationship of 
test compound concentrations 
causing half -maximal hemoglobin 
release (H^) with test compound 
threshold concentrations for drug- 
induced histamine release from 
human conjunctival mast cells. 
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val mast cells and drug-induced hemoglobin release from intact bovine 
erythrocytes (Fig. 8C). 

Another indicator that erythrocyte leakage is a membrane phenom- 
enon is the consistency of the model membrane surface pressure eval- 
uated at H 50 and F 50 for each compound. These pressure values were 
calculated using H 50 or F 50 and the average parameter values for the 
Langmuir and Szyszkowski isotherms. Particularly, the calculations 
using H 50 in the Langmuir model indicate that the calculated Arc at 
which hemolysis is 50% has a remarkably constant value of 12.9 ± 
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i.imN/m. If this value is added to 3omN/m, the initial surface pres- 
sure of the SOPC monolayer, the total predicted surface pressure is 
~43mN/m. This value lies well above the postulated internal 'surface 
pressure' of biological membranes of 30-35 mN/m 25 ' 26 and is near the 
monolayer collapse pressure of ~47mN/m exhibited by the SOPC 
monolayer. 28 Although the data are more scattered, the calculated 
surface pressure from F 50 values is lower, ~4oniN/m, a value still well 
above accepted membrane pressures. Interestingly, a correlation has 
also been observed between detergent-induced hemolysis and deter- 
gent-induced surface pressure changes in cholesterol monolayers ini- 
tially at 4mN/m. In this case, however, the monolayer surface pressure 
at which hemolysis was complete was only 34mN/m. 29r The higher value 
in the present study suggests that charge^ soluble amphipaths may 
interact more strongly with chain-melted zwitterionic SOPC than with 
the relatively rigid cholesterol molecule. 

Of potential clinical significance is the finding that concentrations of 
topical ocular antihistamine drugs contained in marketed products are 
capable of perturbing ocular surface cell (corneal epithelium) mem- 
branes. The data demonstrating LDH release from primary human 
corneal epithelial cells suggest that patient intolerance or drug-induced 
irritations such as stinging and binning may be the result of subtle 
ocular surface epithelial damage at the high concentrations applied 
onto the eye. Olopatadine's lack of non-specific effects on cell mem- 
brane integrity may explain the ocular comfort and compatibility 
observed with this agent in comparison to others. 32,33 

Overall, this study has shown that the lytic activity of the series of 
cationic, classical, and ophthalmic antihistamines, excluding olopata- 
dine, correlates well with their surface activities at model membrane 
interfaces, particularly SOPC monolayers. This correlation suggests 
that, as has been shown for other classes of compounds, cell lysis by 
antihistamines is not a consequence of metabolic events but of their 
nonspecific direct alteration of the permeability properties of the 
plasma membrane. Like the antihistamines studied, olopatadine is also 
surface-active and partitions into model and biological membranes. Its 
unique inability to cause lysis appears to be a consequence of its rela- 
tively low surface activity combined with its limited aqueous solubility. 
These parameters may be reflected in reduced ocular side effects and 
greater patient acceptance. 
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